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SIMULATION OF AN RFQ FUNNEL FOR HEAVY-ION REAMS®

F. W.Guy and R. H. Stokes
MS H817, l.os Alamos National L.aboratory, l.os Alamos, NM 87545

Abstract

Use of the magnetic force to focus and deflect heavy-ion
beamns is marginal at low ion velocities. Low-emittance-
wth funnels using discrete magnetic elements are
ifficult to design for these beams. We show that a new type
of radio-frequency quadruple (RFQ) funnel is especial?
suitable for this application. Simulation procedures, whi"K
include space-charge and image effects, have produced a
high-quality funnel design for 20-MeV Bi *!' ions.

Introduction

In the radio-frequency (RF) linac approach to
generating high-current ion geams for heavy-ion fusion, a
main requirement is that mary initial low-current beams be
combined inlo a siugle, final beam. This scheme overcomes
the beam-current limitations of botk ion sources and low-
velocity linear accelerators and will produce a single beam
that can be efficiently accelerated to the final energy in a
singie-channel RF linac. To combine heams, a concept called
"funne!ing” has been pro d. In this arrangement. pairs of
hunched heams are combined ky transverse deflections so
that a single collinear bemn with interlaced bunches is
formed. The funneled beam is then suitable for further
arceleration in a linac operating with twice the frequency of
the two initial linacs that feed the funnel. After a suitable
acceleration, this funneled beam can be combined with
another funneled beam, and after multiple funnel stages the
final ;equired heam current can he ubtained. If beam loss
nnd emittance ygrowth are small during ihe funneling
aperation, each funneling stage results in an output heam
with nearly twice the boam current and twice the transverse
hrightness. ‘The funnel system must include adequate
transverse and lonitudinal focusing to prevent emittance
pgrowth duning the funneling procedure.

A paper by Swovall, Guy, Stokes, and Wungler!
discusses the funneling of Bi * ' ions, The authors found that
tur Bu*! tons with un energy of .50 MeV A, u funnel design
could be  developed using  diserete element  funnelin
techniques (permanent magnet quadruples and dipoles un('i
AF  bunchers and deflectors) Muluiparticle  bheam
simulations showed this funnel W have good performance:;
however, nttempts W develop » | w emittance diserete
clement funnel at lower eneries were unsuccessful because
1 the himited mugnetie focusing strength avaiinble for the
lower velocity heanms, This hns suggested the npphication of
HFQ funnel techniques that use electric 1 rees o focus,
detlect, and bunch the beam,

In the imunl pnpers by Swhkes and Minerbo!
discussing the RFQ funnel, the emphasis was placed on
funneling two parnllel, closely spaced beams thal would e
produced by n two channel REQ necelerntor  This s shown
~hematieally in the wp hallf ol Fig 1 Tn the present study,
we  have  chosen  another,  perhaps more  renlistie,
irrangement where two separnte RYQ necelerntors produee
‘hghlfv convergent heams thot are combined hy o difTerent
type ol REQ funnel  The tunnel first provides deflection (and
focusingy forees in sepnrnte HEQ channels that first nake
the two beamy closely spaced nnd nenrly parallel. Then the
two henms enter a common channel where they are
mterlnced and made collinenr The nrrangement s shown i
the lower Walfof Fig. 1 This modified funnel 13 based on the
alternative funnehng potentind funcuon found in Ret 3t
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Fig. 1. RFQ tunnels
RFQ Funnel Techniques
The properties of an RFQ funnel thut make 1t
nttractive

or use ns the first lowest velocity funnel atayge
have been desciibed.’? ‘Chese properties lncrude the use of
electrie forces w focus and deflect the two beams and the
caye uf ma‘'ching betweet the RFQ uccelerntor outputs and
the funnel inputs. In addition, the RFQ funnel development
18 facilitated Ey the nctive widespread acceptance of the RFQ
necelerator from which many design and engineering
techniques can be borrowed.

In both the RFQ funnel and the RFQ ncecelerntor, the
benm dynamics and pole-tip designs are based upon
approprinte potentinl functions. These potenunl functons
salisfy Luplace’s equation, and the hesm dynamies designs
nnd simulntions use electiie fields derived from the potenunl
function expressions. In Appendix A of Ret 3, an alternative
funacliag potentinl function s briefly discussad  The tunnel
design we present later i based upon this potentinl functuon.
which cun?c written
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with each right hand ade mulllplu-d by om0 I hee
second term i the expression tor koecadipole freld thar will
be wsed o deflect the beams trannsversely i the s plane o
produce nsingle tunnel beam The shape of the apotenton
surfaces of the REQ poles s obtivinea from Fag t1 by aetting:
Uiy v ' toobtinan
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Because of the mirror sym.met.r{ of the nutentinl
function, if one pair of poles is replaced by a conducting y-z
lane, the electric fields are preserved. Figure 2, which will
discussed later, includes plots in the 1-y plane of one pair
of RFQ funnel poles at three values of 2. [n these plots, the y-
axig represents the pogition of the conducting plane. As the
figure shows, the le modulaticn is a sinusoidal-like
displacement of bo oles in the vertical direction with
space period pgl.  This displacement, together with the
chanyging polarities of the two poles, produces an average
dipole force in the x-direction. Tte amplitude of the pole
displacement is a function of the modulation parameter m. If
m 1,(G -1, H = 0), there is nodipole force. Ifm > 1, (G< 1,
H »u), then the poles are modulated and e dipole force is
produced on a charged ion in the central region. Also, for
ap%roprinu values of the phase angle ¢, the E  field produces
a bunching force that varies i1n strength with the x-
displacernent of the ions.

Numerical Calculation Procedure

The design prublem was addressed numerically by a
series of multiparticle simulations on three computer codes.
A preliminary RFQ design was run un PARMTEQ), a code [or
yenerating and runniniRFQ roblems; 4000 particles were
started at the input of the RFQ. Transmitted particles were
inputintw PARMILA, a linac and transport calculation code
that transported them through a matching section
comprising a drift, an electrostatic focusing quadrupole. and
anuther drift. A randomly selected subset of 1090 particles
wia then fed inw LIN, a code specialized for this RFQ funnel
prublem. PARMTEQ nnd PARMILA are sitandard lLos
Alamos design codes; the PARMILA version that we used
hus 31} spuce charge RFQ and mawhing section
purameters are istedin Tabhlel

IABLE 1 RFQand Mathing Section

KFQ Mawhing Secuon

F—r.'c:l.;n-nry 10 MHz
1N dmA
20MeV

Lenyth 16 em
Current out | Aperture 1 2emorddiuy
Foergy out W Quadrupole valtage 106
Quadrupale length 6 em

Loy

Apecture 13 em radias

Modulation parameter 1 6 Uransmission
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L.LIN, the nonrelativistic code used for the funnel iself,
transports a particle bunch through ihe structure of the
funnel by discrete, small, time steps. At each time step, cach

article's trajectory is acted upon by the electric fields of
‘q.(2). These fields provide fucusing, and the dipole portion
of £, causes particles to follow a curved path as indicated in
Fig.3. Particles are also affected by space charge and
images. The 3-D space-charge effects are calculated by
assuming each particle is a charge cloud of diameter
approximately equal t the average Debye length in the
bunach. Space-charge electric forces acting on a particle are
summed from all the other particles in the bunch
(interacting cherge clouds). The charge cloud method
minimizes collisional emittance growth by avouiding
singuiarities for two close-together particles. Image charge
effects are handled oy a similar treatment whereby each
particle sees images of every particle in the bunch as
reflecied in pole lps and the ground plane. Images
strengthen longitudinal focusing and weaken transverse
focusing; they also cause a shift in trajectory. lmage effects
are not large in this ﬁeomet.ry but must be included because
of the trajecwry shift. For the image calculation, pole-tip
shapes are approximated by cvlinders tangent w the
mathematically correct pole tips (the isupotential surfaces).
Cylinder radius is R = avm, and the point of tangency is
x = Riv2. Outside a conducting cylinder, the image of a
point cherge generates a potential at a test point that 1s
given by

“q 1 _wRiK hpIR ki ;
Urprag) = =——— Ny amm@) | —— ks ke (D)
Dty oM ) LYY 1. 1]
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where 2u = l,'.!m -0 = 2

Ris the evlinder radius,

ris the radius of the tesy point,

piv the radius of the charye,

¢ is the cylindrical coordinate angle between rand ),
215 the distance along the axis between charge und
test point, and

| and K are modified Hessel functions of the first and
econd kind.

Images in the ground plane are points at coordinates o
v. ¢ of the image generating charges. Electrie fields from
images 11 all appropriote surfaces are summed and apphied
atevery time step. Also at every time step, beann envelopes
and centroids are caleulated and purlu'rvb are testea for
colliston with pole tips und the ground plane

Simulation Purameters

For this funnel design, the cell length wns 0 4 em
I'he besm line rndius of curviature was set ad 100 0 and the
inttind benm separstion ac 12 3em, reasonable for twa rod
type low trequency REQs with Rb feeds opposite each other
Fhe aperture parnmeter “a” was taken as Tdooem 1o
acenmmodonte the beam from the matwhing section - The
madulation perrameter "m” o way et at TAUD andd the
intervane voitape v at QOB KV e obtinn the corredt



Fig. 3 Bunch trujecwries Grounded conducwr 1s hatched. pole Lps are not shown

Fig. 4 Particles merging to final axie

curvature and focusing r.l.renlg'l.h. The peak surface electric
field is apgmximlua 1.36 V(avia) - 17 MV/M (Ref. 4).

The length of the funnel is 544 - 2.15 meters. Beams
enter the funnel at an angle of about 3° Lo the final axis and
ure deflected around the curve by the dipole component of
E,. For the first part of the funnel, mlml foilow the
curvature of the poles and ground plane. At the end of the
qund plane at 3.17 fA, beams are about 1 cm away from the

inal axis al an angle of 1.24° At this puint, there is a
discontnuity of 1.24° in the slope of the poles w that the

rles are purallel o each other for the rest of the funnel. The
t:enms are still wubject w the dipol: component of E,. The
vurves of their trajecories are wangent to the final axiv 4t
5 jid yo that the beams merge at that point.

Certain field perturbations have been omitted and are
believed w he negligible: fringe fields at the funnel ends,
field errors from the curvature of the z axis, bunch bunch
fields. and field errors at the ground plane vertex. As
purticles pass the end of the ground plane, the images of the
pule tips in the ground plane coincide with the real pole ups
on the uther side except fur the 1.24” angle shift. Hecause of
the symmetry of the potential function, the electric fields
should nut be afTected by the end of the ground plane except
for the small angle lhif{ rturbatior, which should extend
vnly & cantimeter or 8o along the heamline from the end of
the yround plane. Small deflecuon etrors ran be
-ompensated by amall changes 1n V, 1nput steenng, or
changesin the Xr potentinl of the RF ground piane

Resulits

Bunch trajectories are shown in Fig 3in relation w the
{round plane The bunch i foreshortened in the 7 direction
tnlong the beam axis) because of the plat weale  Bunch shape
distortion resulung from non'inear > focusing 18 apparent in
thia plot. Funnel input t: ) and output (& H i) heam
parameters are given in Tablell  Fmittances are rms,
normalized Emittance yrowth and parucle losses nre small

Figure 2 shows the 1 v projection of the bunch, the pole
||',m for the fimt half cell of the funnel, and the distrbution
of the bunch within the aperture  As the synchronous
particle moves down the beanmbine, 1t soos the pole tips nt
symmettie posttions #n the RE voltage passes through sernat

TABLE 1]l Beam Parameters

Input Qutput
# particles 1000 974
Xrms.cm 0.364 0.397
Yrms.cm (1.438 .467
Ztmw,cm 1.249 1.191
Yy em mrad 0.0180 W.0O189
Yy, cm mrad 0.0180 0.0185
L, Cem mrad 00234 ()02‘2

JL 4 and 3p04 and sees the Lps at their extreme pusitions st
the beginning and halfway through the cell (5L2) at the RF
voitage peaks. l"lﬁ'ure 4 shows n few randomly sclected
purticler from bunches on hoth sides of the ground plane ut
the funnel entrance, just after the ground plane ends and ns
they merge un the final axis.
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